Abstract-With the development of modern power systems, the occurrence of fault current and system sensitivity to fault current have increased. Along with extensive damage to network hardware, considerable consumer losses can result from fault current events. However, with the extensive application of voltage source converter based power systems, large dc fault current becomes an important issue due to the bottleneck of the capacity of the dc breaker. To provide effective dc power system fault protection, a novel dc superconducting current fault limiter (dc SFCL) was designed. Here, the working principles and the mathematical model of the designed SFCL are presented. The simulation test based on SIMULINK and the demonstrator experiment were performed to confirm the correctness of the theoretical analysis. The test results show that the dc SFCL exhibits a rapid response time and good current limiting performance in dc systems.
I. INTRODUCTION
W ITH increasing demand for electric power and the need for sustainable development of the power gird, power system interconnection and decentralized power generation including renewable energy sources are being developed widely and rapidly, so power grids face many new challenges [1] . Due to unique advantages in technology and economy, high voltage direct current transmission (HVDC) has been widely applied for China's long-distance high capacity transmission and interregional interconnection [2] - [4] . However, effective DC system fault protection is a significant factor affecting the safe operation of the entire power system and constraining the development of VSC-based DC networks, especially in high-power scenarios [5] . In order to meet the requirements of high stability and reliability in HVDC systems, it is imperative to develop protection devices for the DC system. At present, DC circuit breakers are mainly adopted in the short circuit fault of DC systems, such as a mechanical circuit breaker, vacuum circuit breaker, semiconductor circuit breaker, and hybrid dc circuit breaker [6] - [9] . However, the capacities of power transmission and distribution systems are increasing to meet growing demand, and the levels of fault current may exceed the circuit breaker interrupting capacity [10] . Continuing to increase the capacity of DC circuit breakers presents challenges, including difficult arc suppression, high overvoltage and large fault energy absorption. A superconducting current limiter has the advantages of simple structure, small size, and low loss, and can effectively reduce the level of short circuit current and improve the interrupting ability of DC circuit breakers. Many different types of SFCLs have been designed, such as resistive type, saturated iron-core type, transformer type, flux-type and others [11] - [16] .
In this paper, the structure and principle of a novel DC-SFCL is proposed. A laboratory-scale prototype was made and the short-circuit test was carried out to evaluate the currentlimiting performance of this type SFCL. The results of the mathematical model, simulation and experiment indicate that the novel SFCL has rapid response time and good current-limiting performance. Fig. 1 shows the structure of the novel DC SFCL, which consists of two fixed-value resistors R 1 and R 2 , a superconducting coil L, a metal oxide arrester R M O A , and a high-speed controlled switch S 1 . R 1 is a current-limiting resistor and L provides smoothing inductance. R M O A is applied for operating transient voltage suppression of the superconducting coil L. R 2 in parallel with S 1 can clamp overvoltage of switching action. The parallel structure of S 1 and R 2 is actualized to eliminate overcurrent through the superconducting coil L in case of quenching.
II. THEORETICAL ANALYSIS
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A. Principle of the Novel DC SFCL
As shown in Fig. 2(a) , in the normal state, the DC system is a failure-free operation and the high-speed switch S 1 is in the closed state. The system current only flows through the superconducting coil L. In the direct current, when superconducting coil is in the superconducting state, it almost has no resistive voltage, therefore the whole SFCL is in the superconducting state without energy loss in the liquid-nitrogen region (77 K). Low energy loss is beneficial to long term operation of equipment installed in series in DC systems. Meanwhile, the superconducting coil L connected in series in DC system also provides smoothing inductance, which can reduce the AC pulse component and filter out the partial harmonic component to diminish the communication interference of the DC transmission line and avoid unstable harmonic regulation.
As shown in Fig. 2(b) , when t = t 1 , a short circuit fault occurs in the DC system and the SFCL enters limiting state I. Because inductance current i 2 should be continuous and can't be changed suddenly, the rise of current is suppressed in L and most of the short of fault current flows through the current-limiting resistor R 1 which provides bypass resistance. Therefore, R 1 plays a significant role in limiting fault current and the peak value of short-circuit current i is limited. In this scenario, the short-circuit current i has two main components, respectively i 1 and i 2 .
As shown in Fig. 2(c) , Δt is the fault detection time. After Δt time, switch S 1 will be opened at t 2 . At that moment, the current i 2 that is passing through the superconducting coil L will be constrained to protect L from quenching by R 2 . At both ends of switch S 1 , the overvoltage of switching action will be clamped by R 2 .
B. Mathematical Modeling of the Novel DC SFCL
In the calculation and analysis, the time variable is set as t. The fault occurrence time is set as t 1 . The switch S 1 action time is set as t 2 . The load resistance is set as R Load . The short-circuit resistance is set as R s . The line resistance and line inductance are both ignored. The equivalent resistance of the SFCL is set as R S F C L . In the short-circuit fault transient, short-circuit resistance R s is parallel to the load resistance R load , where R 3 is set as R s //R Load . The inductance current i 2 should be continuous and cannot be changed suddenly. So i 2 (t
. Through the analysis of the three stages, i 2 , i and R S F C L can be described as follows Eq. (1)-(3) are shown in bottom of page.
Where 
III. SIMULATION ANALYSIS
For theoretical analysis, principle analysis and mathematical calculation were used to obtain the mathematical model of the SFCL. In order to analyze the performance of the SFCL and confirm the correctness of the mathematical modeling, the mathematical model was compared with a SIMULINK simulation in a VSC-HVDC transmission system. Fig. 3 is the application scenario of the SFCL. A simple VSC-HVDC system equipped with SFCL was created with a grounded short circuit fault. The main parameters are listed in Table I . The SFCL is designed to be installed at the head of the transmission line. In the simulation conditions, a grounded fault occurs at the first end of the DC-cable, the fault occurrence time is t 1 = 2 s, and grounded resistance is R s = 4 Ω. After 5 ms, the switch in SFCL is opened at t 2 .
As shown in Fig. 4 , after fault occurrence, to a certain extent, the SFCL can compensate for the loss of DC voltage and reduce the voltage-drop rate. The current limiting effect of the SFCL is obvious, the peak value of short is limited from 51 kA to 27.6 kA, and current limiting ratio can reach 45.9%. The SFCL has a fast responding speed and value of variable resistance R S F C L can increase from 0 Ω to 3.26 Ω in 1 ms. The zero value of R S F C L can reduce loss in the SFCL, and a high value of R S F C L can ensure better effect on limiting current.
Due to the shunt effect of R 1 , the current in superconducting coil is far lower than total fault current. The peak value of fault current component in the superconducting coil can be restricted from 11.21 kA to 4.8 kA, and the superconducting coil can be protected by the parallel structure of R 2 and S 1 . If the 160 mH superconducting coil is designed to have 5 kA critical current, the SFCL can limiting 51 kA short-circuit current without quenching. This is an advantage of the system that the SFCL with low critical current is able to limit higher short-circuit current.
Through the comparison of the mathematical model and simulation from Fig. 4(b) to (d) , it can be seen that the mathematical model results are close to those of the SIMULINK simulation and can reflect the correct changing trend of performance in the SFCL. Therefore, the mathematical model of the SFCL provides a certain reference value for the study of the internal characteristics of the SFCL. However, the mathematical model includes a certain simplification, as it ignores line resistance and line inductance, resulting in differences between the results of the mathematical model and the SIMULINK simulation. Additional system components and parameters are considered in the SIMULINK simulation, so it is more accurate than the mathematical model, but SIMULINK simulation can't clearly show the intrinsic mathematical relationship of main parameters in the SFCL. The mathematical model illustrates the mathematical relationships between the SFCL and the system and shows the influence trend of main parameters in the SFCL on current limiting. Thus, these two methods are complementary. The mathematical model can be used to design and optimize the main parameters in SFCL, and then the design and optimization can be tested and verified by Simulink simulation.
IV. PRINCIPLE VERIFICATION EXPERIMENT

A. An Experimental Prototype
An experiment is carried out to preliminarily verify current limiting of the SFCL. As shown in Fig. 5 , a self-made DC power supply is used in the experiment platform, which consists of AC source, voltage regulator, uncontrolled rectifier bridge and π type filter circuit. Desired value of DC voltage can be gained by adjusting voltage regulator. The main experimental parameters are listed in Table II .
The superconducting coil in the prototype is 49.23 mH, and immersed in 77 K liquid nitrogen. S 1 is a DC relay and S 2 is an IGBT (Insulated Gate Bipolar Transistor), both are controlled by a switch controller. The switch controller sends a signal to make S 2 breakover, thus the DC system has a short-circuit fault and the short-circuit resistance R s is 2 Ω. Without SFCL, the peak value of short-circuit current can reach 25 A, 5 times the rated current. After 10 ms, the DC relay is opened by a signal from switch controller at t 2 . At this time, the current limiting 
50 ms/60 ms Peak value of short-circuit current 25 A Fig. 6 . Structure of the superconducting coil. process is completed. The DL750 wave recorder is used for experimental data acquisition. In order to ensure accuracy and completeness of waveform, the sampling precision is set to 1us. The whole time of experimental data acquisition is 1000 ms.
B. Superconductor Coil
The structure of the superconducting coil is presented in Fig. 6 . The superconducting coil consists of six pancake coils, which are made of GdBCO material produced by SuNAM company. The detailed geometrical data of the superconducting coil are listed in Table III. The six pancake coils are linked to six separate superconducting wires. There is a consistent one-to-one match between each pancake coil and each wire. The critical current of each pancake coil and each superconducting wire respectively measured in 77 K, self-field, are shown in Fig. 7 . Overall, the critical current of HTS wires are above 150 A, and the critical current of pancake coils are lower than their corresponding superconducting wires. The minimum, maximum, and average critical current of 6 pancake coils were respectively 84.5 A, 93 A and 87.6 A. 
C. Experimental Results
As shown in Fig. 8 , when the SFCL was installed in the DC system, the DC current I D C wave form was obtained. The value of R 1 was 2Ω in the SFCL. The comparison between the experimental results and mathematical modeling shows that the mathematical modeling can correctly reflect phenomenon in the experiment. Fig. 9 indicates that the short circuit fault occurs at 50 ms and the SFCL can effectively suppress the DC voltage drop. Due to the compensation of the SFCL, the DC voltage drop rate is reduced and the steady state value of DC voltage is also higher than the DC system lacking SFCL after fault occurrence. Analysis with different values of R 1 show that with increasing R 1 , the compensation degree of the SFCL is increased for DC voltage. From the data shown in Fig. 10 , it is observed that the SFCL has a good ability of current limiting. In the DC system without SFCL, an impulse current is generated at t 1 , reaching 25 A, which is five times the value of the rated current. When SFCL is installed in the DC system, the peak value of the impulse current is significantly limited. Fig. 10 also indicates that R 1 has an effect on the current limiting ability of the SFCL. When R 1 is set to 2 Ω, 4 Ω and 8 Ω, the corresponding peak values of fault current are respectively limited to 52%, 40%, and 31%. Therefore, with increasing R 1 , the performance of the SFCL is improved.
V. CONCLUSION
The current limiting principle of a novel type DC SFCL was introduced. Through the comparison of results between the mathematical model and simulation, the correctness of mathematical model was verified. The results of the simulation and experiment both preliminarily reveal that the SFCL topology has good performance of fault current limiting in a DC system. Through analysis and verification of the principle, the results are summarized as follows: 1) In the normal state, the SFCL can be used as a smoothing reactor without energy loss; 2) In the fault state, the SFCL has a significant current limiting effect and a certain compensation degree for a DC voltage drop in a DC system; 3) Due to adoption of superconducting inductor to start limiting current, the SFCL is activated without delay; 4) With the switch opened, the current limiting function is further improved; 5) The superconducting coil does not quench during current limiting. Overall, this new SFCL design offers a good potential for development and use in DC systems.
